A staining procedure has been developed to identify the different physiological states of Streptomyces clavuligerus using the fluorescent, bacterial viability stain BacLight. An image analysis method was used to quantify the extent of the differently stained regions, and therefore to measure the percentage viability. In a batch fermentation, the viability of the mycelia decreased to 64% during the rapid growth phase. Following a period of fragmentation, the viability was approximately constant at 75% until late in the fermentation, when it increased to 93%.
Introduction
Filamentous microorganisms such as actinomycetes and fungi are commercially important for the production of many secondary metabolites, in particular antibiotics. The production of secondary metabolites may depend directly on the morphology, as shown for Saccharopolyspora erythraea (Martin & Bushell 1996) , or indirectly through the effect of morphological changes on both rheology and fermenter mixing and mass transfer. The morphology and its dependence on the fermentation conditions are obviously of great importance in submerged fermentations. However, the links between productivity and morphology are unclear, and it is possible that both depend on some fundamental aspect of the microorganism's physiology, e.g., differentiation.
Differentiation may be defined as a series of biochemical and structural changes in the physiology of a microorganism. Such changes might result in the biomass not being homogeneous, with only some parts being capable of antibiotic production. Unfortunately, there is little information on differentiation of actinomycetes, although it is known that vacuolation and other structural changes do occur in some actinomycetes. For example, electron microscopy has been used to observe the development of large vacuoles late in submerged fermentations of Streptomyces spectabilis 1011-10 leading to hyphal fragmentation (Spassova et al. 1991) .
Image analysis can be used to obtain quantitative information from microscopic examinations and often allows measurements to be automated (Paul & Thomas 1998) . Image analysis has been used to characterise the morphology and simple differentiation of fungi (Packer & Thomas 1990 , Paul et al. 1994 ) and actinomycetes (Reichl et al. 1990 , Yang et al. 1992 , Mauss et al. 1997 , Drouin et al. 1997 .
Recently, Drouin et al. (1997) developed an image analysis method to quantify 'empty' and full regions of Streptomyces ambofaciens, and 'thin' regions (narrow hyphae) using Carbol Gentian Violet staining with regions considered to be 'empty' if they were not stained. However, such an analysis is carried out on fixed (dried) cells and therefore does not provide reliable information on the physiological state of mycelia in the fermentation.
Fluorescent stains coupled with image analysis have been used for the characterisation of differentiation of fungi (Vanhoutte et al. 1995, Cox & Thomas, in press) and actinomycetes (Reichl et al. 1990 , Drouin et al. 1997 . Despite these reports, there is no standard staining protocol and/or characterisation for viable actinomycete mycelia. BacLight (Molecular Probes Inc., Oregon, USA) therefore seemed of great interest since it provides a two-colour fluorescence assay of bacterial viability, which might be usable with filamentous organisms. BacLight consists of two nucleic acid stains; SYTO9, which penetrates both intact and damaged cell membranes, fluorescing green, and propidium iodide, which only penetrates damaged membranes associated with non-viable cells. It displaces SYTO9 from nucleic acids, and fluoresces red. In this way BacLight distinguishes between viable and non-viable bacteria, and should distinguish between viable regions (with intact membranes) and non-viable regions (with damaged membranes) of actinomycete mycelia.
An image analysis method, based on BacLight staining, has been developed and has been used here to characterise the percentage viability of the mycelia across a batch fermentation of Streptomyces clavuligerus, a commercially important actinomycete which is used to produce clavulanic acid, a β-lactamase inhibitor (Brown et al. 1977) .
Materials and methods
Streptomyces clavuligerus NCIMB 12785 (National Collections of Industrial and Marine Bacteria, Aberdeen, UK) was grown in 5 l of broth in a 6 l fermenter (Life Science Laboratories, Luton, UK). The aeration and agitation were 0.5 vvm and 500 rpm respectively, and the temperature was 25 ± 0.5 • C. Spores (1.5 × 10 4 spores ml −1 final concentration) were used to inoculate the medium, which contained 20 g glycerol l −1 , 10 g bacterial peptone l −1 and 10 g malt extract l −1 (Belmar-Beiny & Thomas 1991). The medium pH was adjusted to 7. Clavulanic acid was determined using HPLC as described by Foulston & Reading (1982) . A lithium clavulanate standard was supplied by SmithKline Beecham Pharmaceuticals (Worthing, UK).
Sample preparation
For image analysis, samples of fermentation broth were diluted up to 100 fold with distilled water to achieve uniform suspensions of mycelia of about 0.2 g l −1 on the slide. One ml of diluted sample was transferred to an Eppendoff tube and 3 µl of BacLight stain (50:50 mixture of SYTO9 and propidium iodide, both 1.67 mM in anhydrous DMSO) was added. The mixture was kept in the dark for 5 min before 25 µl of stained sample was transferred to a clean glass slide and a coverslip applied.
Image analyser
A Quantimet 570 Image Analyser (Leica Cambridge Ltd., Cambridge, UK) was used, connected to a colour 3CCD camera (Sony XC-003P Model, Sony Corporation, Japan) mounted on a Polyvar fluorescent microscope (Reichert-Jung, Wien, Austria). Slides of the sample to be analysed were placed on a moving stage (Leica Cambridge Ltd., Cambridge, UK) mounted on the microscope. The magnification used was ×250. For fluorescent microscopy, the samples were excited at 480 nm, and emissions were detected between 500 to 635 nm. As described below, a program was developed on the image analyser to estimate the proportion of the viable regions in the samples. The proportion of non-viable regions could then be found by difference.
Image acquisition
Image acquisition requires choice of a microscopic magnification, microscope stage initialisation, and adjustment of lamp brightness and focus to give sufficient contrast to allow objects of interest to be identified. Details of these procedures can be found in Paul & Thomas (1998) . The user is required to enter the number of fields of view from which images are to be captured, typically 40 in this case, containing at least 50 mycelia in total.
Ideally, the fluorescent images should consist of green and red regions, representing the viable and nonviable regions of the mycelia, respectively. However, the relative intensities of the responses of the stains meant that both green and red regions of the mycelia could not be viewed simultaneously using a single microscope filter block. Because of this, fluorescent images were viewed through a particular filter block (Leica Microsystems, Milton Keynes, England, UK) which showed only the green (viable) regions of the mycelia (Figure 1a) . The method therefore requires the capture of bright field images, which show all of the mycelia (Figure 1b) . The red (non-viable) regions can then be found by difference.
To capture the fluorescent images, the user selects them at random using a joystick to control the motion of the stage. As each fluorescent image is selected, the computer stores its position for subsequent re-use in capturing the corresponding bright field image. Before
